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Tuesday, February 28, 2012 531aof the channel’s opening transition without inhibiting voltage-sensor activation,
thus partially uncoupling voltage-sensor activation from channel gating. Elec-
tromechanical coupling between the voltage-sensing domain (VSD) and the
pore of Kv channels has been shown to depend on specific interactions between
the S4-S5 linker and the carboxyl-terminal portion of the S6 segment. Here, we
show that a single glycine to valine mutation in the S4-S5 linker of the Kv2.1
channel causes a large energetic destabilization of the channel’s open state.
Moreover, the G317V mutation also interferes with the channel’s inhibition
by CORM-2, suggesting that there is a cavity at the interphase between the
VSD and the pore of the channel, including the S4-S5 linker, and that it is part
of the CORM-2 binding site in the channel. These data are consistent with the
mechanism of channel inhibition by this compound. Supported by Instituto de
Ciencia y Tecnologı´a del Distrito Federal, Grant PIFUTP09-262 to L.D.I.
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Voltage sensing in Kv channels originates from the coupling of movement be-
tween the charged S4 segment and the activation gate at the cytoplasmic region
of the pore domain. The voltage sensor moves prior to the pore opening and the
poremust shut before the voltage sensor returns to its resting state. However, gat-
ing current recordings from Kv channels indicate that frequently voltage sensors
return more slowly after depolarisations that populate open states, indicating that
the open pore exerts a resistance to S4 return. This process of pore closure there-
fore intrinsically regulates the deactivation kinetics of Kv channels.We observed
slow voltage sensor return (IgOFF) in WT-Kv1.2 channels under non-permeant
ionic conditions after depolarisations to voltages that caused channel openings.
UsingTEAþ andNMGþ internal solutions resulted in a slower IgOFF than internal
Csþ, suggesting that the intracellular ionic composition was modulating IgOFF. A
mutation in the pore lining S6 segment to enlarge the inner cavity (Kv1.2-I402C)
removed the slowing of IgOFF in the presence of internal NMG
þ, suggesting that
NMGþ interacted within the inner cavity of the WT channel to prevent pore clo-
sure through a ‘foot in the door’mechanism.Gating currents of a non-conducting,
P-type inactivated channel (Kv1.2-W366F,V381T), in the presence of intracellu-
larKþ ions also displayed a slowingof IgOFF after depolarisations thatwouldopen
the channel pore. These results suggest that internal Kþ ions bound in the inner
cavity can also slow activation gate closure. We propose that internal ions in
the cavity of Kv1.2 allosterically regulate the voltage sensor deactivation kinetics
by preventing pore closure and thus rate limiting the return of voltage sensors.
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Voltage-gated Kþ (Kv) channels are tetrameric assemblies in which each sub-
unit is modular in design and consists of a voltage-sensor and a pore. KvLm, the
voltage-gated Kþ channel from Listeria monocytogenes differs from other Kv
channels in that its voltage-sensor contains only three out of the eight charged
residues implicated in voltage-gating. Here we ask how many sensors are re-
quired to produce a functional Kv channel by investigating heterotetramers
comprising combinations of KvLm full-length (FL) and its sensorless pore-
module (PM). Accordingly, we studied the voltage-dependent properties of
KvLm channels with 0, 1, 2, 3 and 4 voltage sensors. We show that KvLm het-
erotetramers produced by cell-free expression yield functional channels after
reconstitution in droplet interface bilayers. Further, we demonstrate that three
voltage-sensors are sufficient to recapitulate the voltage-dependent activation
features of wild-type KvLm, whereas deletion of two or more sensors severely
suppresses the voltage-dependent closure and activation of the assembled chan-
nel. The current-voltage relationship of all heteromers remains similar. We also
demonstrate that all four voltage-sensors are required to keep the channel
closed at hyperpolarizing potentials, and that deletion of all four sensors results
in a pore-only assembly, which retains limited voltage-dependence.
2706-Pos Board B476
Allosteric Stabilization of Fully Resting Voltage Sensors by a Tarantula
Toxin
Kenneth S. Eum1, Juan M. Angueyra2, Heesoo Kim2, Luke Chao2,
Bruce E. Cohen3, Jon T. Sack1,2.
1University of California Davis, Davis, CA, USA, 2Marine Biological
Laboratory, Woods Hole, MA, USA, 3Lawrence Berkeley National
Laboratory, Berkeley, CA, USA.
The mechanism of a tarantula toxin’s action on the voltage gating of a K
channel was investigated. An oxidation-resistant variant of guangxitoxin-1E(GxTX) with methionine 35 replaced by norleucine, was synthesized and found
to retain biological activity. When applied to voltage-clamped CHO-K1 cells
expressing rat Kv2.1, this GxTX was found to shift channel opening to more
positive voltages. In response to short stimulating voltage steps, the voltage
shift of conductance saturated at micromolar GxTX concentrations. Prolonged
or repetitive pulses to positive potentials ejected GxTX from Kv2.1 channels,
revealing the decreased affinity of GxTX for activated voltage sensors.
GxTX positively shifted Kv2.1 gating currents, and prevented outward gating
charge movement at negative voltages. The modulation of gating charge move-
ment indicates that GxTX stabilizes gating charges in their most internal con-
formation. Single Kv2.1 channels with GxTX bound exhibited a similar
unitary conductance as without tarantula toxin, but had an increased latency
to first opening in response to positive voltage steps. A diminished mean
open time in the presence of GxTX confirms that channel openings occur
with toxin bound and suggests a mechanism for the toxin-induced decrease
in peak conductance of macroscopic currents. A simple allosteric model was
developed where GxTX stabilizes the earliest resting state of voltage sensors.
In this model, GxTX binds activated voltage sensors with decreased affinity,
and exerts only a feeble destabilizing influence on the dominant open state.
The difference in binding affinity between resting and activated voltage sensors
suggests potential for development of GxTX as a probe of voltage sensor con-
formation in living cells.
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Activation Gate Opening Precedes Slow Inactivation in Shaker KD
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In the absence of N-type inactivation Shaker potassium channels display slow
(C-type) inactivation. Functional and structural studies indicated that channel
opening precedes slow inactivation in voltage-gated and KcsA Kþ channels,
whereas others argued for slow inactivation from the closed sate of the channel
as well. None of the previous studies correlated the opening of the of the acti-
vation gate (A-gate), formed by the bundle crossing of the S6 segments, with
the development of inactivation, which is associated with the structural rear-
rangement in the selectivity filter. These two gates are coupled and thus, the
current experiments addressed the hypothesis that opening of the activation
gate must precede slow inactivation.
To address this hypothesis we compared the voltage dependence of A-gate open-
ing and that of the development of inactivation in T449A/V474C Shaker-IR
channels. Opening of the A-gate was monitored by the accessibility of 474C
to Cd2þ from the intracellular side. The membrane potential was changed re-
peatedly from a holding potential of 120 mV to test potentials ranging from
110 mV to 60 mV in the presence or absence of Cd2þ.
Our results show that the function describing the voltage dependence of Cd2þ
block is shifted toward the negative potentials compared to the voltage depen-
dence of steady-state inactivation curve. This indicates that A-gate opening al-
ready occurs at such negative potentials where no inactivation can be
detected. Furthermore, the curve representing Cd2þ block is also negative-
shifted compared to the voltage dependence of steady-state activation (G-V)
curve. This suggests that even at fairly negative holding potentials, at which
no macroscopic current can be detected, rare channel openings occur yielding
access to the channel cavity. Based on these results we suggest that A-gate open-
ing always precedes structural changes associated with slow inactivation.
Supported by OTKA K75904
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Kv1.2 is a voltage gated potassium channel whose crystal structure has been
solved. There is markedly little electrophysiological information about it,
which limits the vast potential usefulness of the structure. In an effort to deepen
our functional understanding of the Kv1.2 channel, we set out to characterize its
properties through recordings of macroscopic and single ionic and gating cur-
rents and develop models for activation based on established models for other
Shaker channels. Preliminary data indicate that even though Shaker and Kv1.2
are closely related, subtle differences exist in their mechanisms of voltage sens-
ing. As an example of these differences, limiting slope analysis reveals that the
apparent charge coupled to gating of Kv1.2 is only 10 e0 compared to Shaker’s
13 e0. Also, substitution of Kv1.2’s tryptophan at position 366, the analogue of
W434 in Shaker, for the other two aromatic residues does not abolish conduc-
tion as in Shaker. Our macroscopic data are best fitted by a 32 state model in-
volving three independent transitions for each of the subunits and two final,
voltage independent, concerted transitions to the open state.
532a Tuesday, February 28, 2012These findings make apparent the need for more detailed electrophysiological
analysis of Kv1.2 and will certainly prove useful to clarify the structure-
function relationship of voltage gated potassium channels.
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Inwardly leaking omega-currents in resting Shaker K-channels were first found
when the long charged residue R362 on S4 was made short, creating a pore in
the voltage-sensing domain (Tombola et al., 2005, 2007). We recently demon-
strated that in fact a pair of adjacent charged residues on S4 must be short to
build a double-gap (Gamal El-Din et al., 2010). These residues located at every
third position A359, R362, R365, R368, R371, K374 can be seen as a rail,
shorthand notation ‘‘aRRRRK’’. Omega-currents were obtained for the
double-gap constructs ‘‘asRRRK’’, ‘‘RssRRK’’ and ‘‘aRssRK’’ (short residues
lower case). In a mechanistic view, the long residues slide like bolts in a guid-
ance groove which becomes the leaking omega-pore when two occluding bolts
are shortened.
Presently, we study the wall and length of this guidance groove. Especially, we
checked in the closed state of S4 whether at the outer end of the groove, E283
on S2 opposes A359 on S4, and whether E293, F290 form the inner end and
oppose R362 on S4. Firstly, we kept the inner part open (R362S) and studied
different mutant pairs at positions 283(S2) and 359(S4). The size of the result-
ing omega-current clearly corresponded to the cleft width obtained frommolec-
ular modeling. Secondly, leaving the outer part open with A359, we
demonstrated that the omega-currents now depended on the cleft width be-
tween residues at 362(S4) and 293, 290 on S2.
In conclusion, the omega-pore represents a guidance groove for the gating
charges of S4. E283 and E293 located at the outer and inner end of the groove
determine the length of the membrane voltage drop. This length also guarantees
that during gating always at least one residue senses the field in the pore.
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Voltage-gated Kþ (Kv) channels are tetramers of a-subunits that detect changes
in membrane potential (V) by a positively charged (Q) voltage-sensing domain
(VSD). Molecular movements of VSDs lead to charge displacement that can be
recorded as transient gating currents (IQ), which subsequently results in channel
gating. The silent Kv subunit, Kv6.4, does not form functional homotetramers;
however, it can tetramerize with Kv2.1 subunits to form functional Kv2.1/Kv6.4
heterotetramers, with a proposed 3:1 stoichiometry. Previously we showed that
Kv6.4 subunits exert a significant (~40mV) hyperpolarizing shift in the voltage-
dependent inactivation of heterotetrameric Kv2.1/Kv6.4 channels, as compared
to Kv2.1 homotetramers, without significant effects on activation gating. How-
ever, the underlying mechanism remains unclear. To address this we analyzed
ionic and IQ recordings from heterotetrameric Kv2.1/Kv6.4 channels transiently
expressed in HEK293A cells. Half-maximal displacement of gating charge
(Q1/2) for Kv2.1 homotetramers was 26 mV, as determined from the
charge-voltage (Q-V) curve. Analysis of the decay time constant of IQ-ON as
a function of voltage resulted in a bell shaped curve with a maximal time con-
stant around the midpoint potential of 20 mV. Co-expressing Kv6.4 with
Kv2.1 resulted in earlier charge movement as evident from a ~16 mV hyperpo-
larizing shift in the Q-V curve. Furthermore, we observed a double bell shaped
curve for the decay time constant, with maximal time constants around20 mV
and 70 mV; the latter corresponding to the Kv6.4-induced ~40 mV hyperpo-
larizing shift in the voltage-dependence of channel inactivation. Therefore, we
suggest that this more negatively located ON-gating component presumably re-
flects the voltage-dependence of the Kv6.4 subunit within the Kv2.1/Kv6.4 het-
erotetramer, and that the VSD movement of only the Kv6.4 subunit is sufficient
to induce closed state channel inactivation.
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Naþ-activated potassium (KNa) channels encoded by the Slack and Slick genes
contribute to neuronal adaptation during sustained stimulation and regulate theaccuracy of timing of action potentials. Activation of protein kinase C (PKC)
increases the amplitude of Slack-B currents and slows their rate of activation.
Slack protein is known to interact with a variety of cytoplasmic signaling mol-
ecules. Using resonancewavelength grating optical biosensors (the SRUBiosci-
ences BIND system), we have determined that direct pharmacological
activation of Slack channels by bithionol produces a sustained decrease in
mass distribution close to the plasma membrane, and that phosphorylation of
Slack channels mimics this decrease in mass. These results were obtained using
transfected HEK293 cells, and confirmed in mouse primary cortical neurons.
These changes in mass distribution appear to be specific to the Slack channel
because pharmacological activation of the very closely related Slick channel
with bithionol does not produce a change in mass distribution. Blocking ion
flux through the Slack channel during channel activation does not attenuate
this response, indicating that ion flux is not necessary for the change in mass.
The very C-terminal domain of Slack has been previously shown necessary
for channel-protein interactions, and deletion of this region abolished the ob-
served signal. To determine which proteins or signaling molecules are translo-
cating from the plasma membrane upon channel activation, an RNAi screen
against probable channel binding partners was performed, and the Protein Phos-
phatase 1 (PP1) inhibitor Phactr1 was found to be necessary for this decrease in
mass. We hypothesize that activation of Slack by either bithionol or phosphor-
ylation leads to the dissociation of Phactr1 with PP1 from the channel complex,
allowing the Slack channel to remain in its phosphorylated and active state.
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The transverse tubular system (TTS) plays a key role not only in mediating the
mechanism of excitation-contraction coupling, but also in determining the elec-
trical properties of mammalian skeletal muscle fibers. We investigated the
properties and distribution (between sarcolemma and TTS membranes) of the
K delayed rectifier conductance (gKV) by simultaneously recording fluores-
cence transients and ionic currents (IKV) from FDB muscle fibers stained
with the potentiometric indicator di-8-ANEPPS and voltage-clamped using
a two-microelectrode configuration. Enzymatically dissociated fibers were
mounted on the stage of an inverted fluorescence microscope equipped with
a 460-500//500//513-558nm cube. The external solution had (in mM): 150
LiCl, 4 KCl, 20 MOPS, 2 CaCl2, 1MgCl2 and 10 glucose. The Na, ClC-1,
Ca and KIR currents were blocked by external TTX (0.001), 9-ACA (0.4), ni-
fedipine (0.02) and Rb (5), respectively. The membrane capacitance was mea-
sured after rendering the fibers electrically passive by replacing external Li and
K by TEA. We found that IKV records display a delayed onset and decayed
markedly during long depolarizing pulses (400ms) due to inactivation and ac-
cumulation mechanisms. Furthermore, while di-8-ANNEPS transients re-
corded from electrically passive fibers displayed quasi-rectangular kinetic
properties, transients recorded from control fibers in the presence of IKV
were associated with time-dependent attenuations that matched the kinetics
of activation and decay of IKV records. Radial cable model simulations were
used to evaluate the voltage-dependent kinetic parameters of gKV, to calculate
the rate of accumulation of Kþ ions in the lumen of the TTS, and to determine
that the relative distribution of this conductance between the surface and TTS
membranes is close to equal. This work was supported by NIH grants
AR047664, AR041802, and AR054816.
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Auxiliary KChIP4a shares high homology of conserved C-terminal core region
with other members of Kv channel-interacting proteins (KChIPs), but exhibits
a distinct modulation on Kv4 current expression and gating. It has been shown
that the unique N-terminus of KChIP4a functions as Kþ channel inactivation
suppressor (KIS) that leads to slow inactivation and current inhibition. How-
ever, the mechanism by which the KIS domain causes current reduction re-
mains unknown. In this study, we identified a hydrophobic ER-retention
motif within the KIS domain of KChIP4a that suppresses Kv4.3 surface expres-
sion using confocal imaging and cell surface biotinylation assay. Further dis-
section of KIS domain revealed several key residues that cause reduction of
Kv4.3 peak current, but do not affect surface expression. Examination of gating
properties of Kv4.3 co-expressed with either KChIP4a or its core without the
